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Alzheimer disease (AD) is a devastating neurodegenerative
disease with no cure. The pathogenesis of AD is believed to be
driven primarily by amyloid-� (A�), the principal component of
senile plaques. A� is an �4-kDa peptide generated via cleavage
of the amyloid-� precursor protein (APP). Curcumin is a com-
pound in thewidely used culinary spice, turmeric, which possesses
potentandbroadbiologicalactivities, includinganti-inflammatory
and antioxidant activities, chemopreventative effects, and effects
on protein trafficking. Recent in vivo studies indicate that curcu-
minisable toreduceA�-relatedpathology intransgenicADmouse
modelsviaunknownmolecularmechanisms.Here,we investigated
the effects of curcuminonA� levels andAPPprocessing in various
cell linesandmouseprimarycorticalneurons.Weshowforthefirst
time that curcumin potently lowers A� levels by attenuating the
maturation of APP in the secretory pathway. These data provide a
mechanism of action for the ability of curcumin to attenuate amy-
loid-� pathology.

Alzheimer disease (AD)2 is a devastating neurodegenerative
disorder and the primary cause of dementia in the elderly (1).
Genetic studies of the disease have revealed a complex and
strong genetic etiology. Four genes have been established to
either cause early-onset familial AD with complete penetrance
(amyloid-� (A4) protein precursor (APP), presenilin 1 (PSEN1),
and presenilin 2 (PSEN2) or to increase susceptibility for late-
onset AD with partial penetrance (APOE) (2–4). Despite its
heterogeneous inheritance, the functional neuropathology of
AD is represented commonly by disruption in neural circuits,
such as loss of neurons and synapses primarily in the neocortex
and hippocampus (5, 6). The pathophysiology of AD is charac-
terized by two distinctive features: amyloid plaques comprised
primarily of a small peptide named A� and neurofibrillary tan-
gles composed of hyperphosphorylated Tau (2, 6, 7). Whereas
A�42 and A�40 are the two primary A� species, A�42 is more

prevalent than A�40 in amyloid plaques. Mounting genetic,
biochemical, and molecular biological evidence suggests that
the excessive accumulation of A� is the primary pathological
event leading to AD (3, 6, 7). A� is produced by a sequential
proteolytic cleavage of the type I transmembrane protein, amy-
loid-� (A4) precursor protein (APP) (8). The initial cleavage of
APP can bemediated by�- or�-secretase (or BACE1).�-Secre-
tase cleavage produces sAPP� and � C-terminal fragment (or
C83); �-secretase cleavage produces sAPP� and � C-terminal
fragment (C99). C83 andC99 can be further cleaved by �-secre-
tase to produce P3 or A� (2, 7).

For more than a decade after the discovery of A� and the
establishment of the A� hypothesis, one essential strategy for
AD therapeutics has focused on modulating APP processing
and decreasing A� levels (2, 9). Recently, considerable effort
has been concentrated on identifying natural dietary supple-
ments that can prevent, inhibit, or reverse A� accumulation or
aggregation (10). Emerging evidence supports a use for curcu-
min in AD therapeutics. Curcumin (diferulomethane) is a yel-
low pigment in turmeric (or curcuma longa), the widely used
spice, and a food additive used primarily in Indian culinary
preparations (11). Curcumin is a low molecular weight mole-
cule with broad and beneficial biological activities including
potent antioxidant, anti-inflammatory, and chemo-preventa-
tive effects (12–15) with a favorable toxicity profile (13, 14).
Epidemiological studies have suggested that curcumin con-
tributes to the reported 4.4-fold reduced (age-adjusted)
prevalence of AD in India compared with the United States
(16). Both in vitro and in vivo studies have shown that cur-
cumin can bind to amyloid and inhibit A� aggregation (14,
17), as well as fibril and oligomer formation (14). In vivo studies
have shown that dietary curcumin can cross the blood-brain
barrier and significantly decrease A� deposition and plaque
burden in AD transgenic mice (14, 15, 18, 19), markedly inhibit
Tau phosphorylation (20), and attenuate inflammation and
reduce oxidative damage (14, 18), and reduce genomic instabil-
ity events (21).
These findings support a beneficial role for the use of cur-

cumin in treating AD. However, to date, the effects of cur-
cumin on APP metabolism have not been elucidated. Here,
we investigated the effects of curcumin on A� levels and APP
processing in mouse primary cortical neurons and various
cell lines. Curcumin potently lowered A� levels and hindered
APP maturation. Curcumin also markedly attenuated the
effects of brefeldin A (BFA), a specific Golgi-disrupting agent,
on APP maturation and trafficking. Taken together, we have

* This work was supported by the Cure Alzheimer’s Fund, the Funds for Med-
ical Discovery from Massachusetts General Hospital, and a Neurodegen-
erative Disease Pilot Study Grant from the Harvard NeuroDiscovery Center
and Massachusetts Alzheimer’s Disease Research Center.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1 and 2.

1 To whom correspondence should be addressed: Harvard Medical School,
Genetics and Aging Research Unit, MassGeneral Institute for Neurode-
generative Disease, Massachusetts General Hospital, 114 16th St.,
Charlestown, MA 02129. Tel.: 617-726-6845; Fax: 617-724-1949; E-mail:
tanzi@helix.mgh.harvard.edu.

2 The abbreviations used are: AD, Alzheimer disease; APP, amyloid-� precur-
sor protein; A�, amyloid-� peptide; APPma, mature APP; APPim, immature
APP; sAPP�, �-secretase-soluble amyloid-� precursor protein.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 37, pp. 28472–28480, September 10, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

28472 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 37 • SEPTEMBER 10, 2010

http://www.jbc.org/cgi/content/full/M110.133520/DC1


elucidated a novel curcumin-dependent mechanism for lower-
ing A� levels via attenuation of APP maturation.

EXPERIMENTAL PROCEDURES

Cell Culture and Mouse Primary Cortical Neuron Culture—
Human neuroglioma H4 cells that stably overexpress human
APP751 (H4-APP751) cells have been described previously (22,
23), as has the rat neuroblastoma cell line (B104-APP751) stably
overexpressing humanAPP751, and theChinese hamster ovary
cell line (CHO-APP751) stably overexpressing human APP751
(24, 25). These cell lines were cultured on regular tissue culture
plates inDulbecco’smodified Eagle’smedium (DMEM) supple-
mented with 10% fetal bovine serum, 2 mM L-glutamine, 100
units/ml penicillin, 100 �g/ml streptomycin, and 200 �g/ml
G418. Mouse primary cortical neurons were from BrainBits
(E18) and were cultured on poly-D-lysine-coated plates in
B27/neurobasal medium supplemented with 1� GlutaMAX
(Invitrogen).
Chemicals and Antibodies—Curcumin was purchased from

Sigma (catalogue no. C7727). The APP C-terminal antibody
(targeting the last 19 amino acids of APP; 1:1000) was pur-
chased from Sigma (catalogue no. A8717) and used to detect
the full-length APP and APP C-terminal fragment. The anti-
APP antibody (antibody 6E10) was purchased from Covance
and utilized for detection of sAPP� (1:1000). The APLP2 anti-
body was a gift from Dr. W. Wasco (26), and the ADAM10
antibody was purchased from Sigma (catalogue no. A2726;
1:1000). The �-actin antibody (1:10,000) was purchased from
Sigma. TheHRP-conjugated secondary antibodies (anti-mouse
and anti-rabbit; 1:10,000) were purchased from Pierce.
A�Measurement—A�measurementwas following theman-

ufacturer’s suggested protocols and was described previously
(27). In brief, A�40 and A�42 levels (pg/ml) were quantified
using a sandwich enzyme-linked immunosorbent assay (ELISA)
fromWako (catalogue no. 292-62301/294-62501 to detect A�40;
and catalogue no. 298-62401/290-62601 to detect A�42). A� lev-
els were further normalized to protein concentration from the
same cell lysates. Normalized A�40 and A�42 levels of the cur-
cumin treatment were compared and normalized to those lev-
els of control treatment.
Cell Lysis andProteinAmountQuantification—Cellswere lysed

in M-PER (mammalian protein extraction reagent, Thermo
Fisher Scientific) with 1� Halt protease inhibitor mixture
(Thermo Fisher Scientific). The lysates were collected, centri-
fuged at 10,000 rpm using a microcentrifuge from Eppendorf
(model 5417) for 20 min, pellets were discarded, and superna-
tants were transferred to a new Eppendorf tube. Total protein
was quantified using the BCA protein assay kit (Pierce) (28, 29).
Western Blotting Analysis—Western blotting analysis was

carried out by themethod described previously (27, 28). Briefly,
after centrifugation and protein concentration measurement,
an equal amount of protein was applied to electrophoresis, fol-
lowed by membrane transfer, antibody incubation, and signal
development.�-Actin was used as an internal control.We used
the VersaDoc imaging system (Bio-Rad) to develop the blots
and the software Quantity One (Bio-Rad) to quantify the pro-
teins of interest, following the protocols described previously
(27, 28).

Cell Surface Biotinylation—Cell surface biotinylation was
carried out using a protocol reported previously(27). Briefly,
stable H4-APP751 and CHO-APP751 cells were preincubated
in cold Mg2�/Ca2� containing PBS for 20 min and then incu-
bated with 0.5 mg/ml sulfo-NHS-LC-biotin (Pierce) for 30 min
with gentle rocking at room temperature. Excess biotin was
quenchedwith 0.1 M glycine for 20min. Cells were then lysed in
M-PER lysis buffer and immunoprecipitated with streptavidin
beads (Pierce) overnight at 4 °C. Samples were boiled at 95 °C
for 5 min then applied to Western blotting analysis.
alamarBlue Analysis—The alamarBlue assay was a nonin-

vasive way to assess cell viability and proliferation rate and
has been reported previously (30). The alamarBlue agent was
purchased from Invitrogen, and the assay was performed
according to the manufacturer’s recommended protocol.
Briefly, the alamarBlue agent was added to culture medium at a
final concentration of 10% (v/v),mediumwas collected after 6 h
of incubation, and the fluorescence intensity was read on the
Criterion Analyst AD high throughput fluorescence detection
system (Molecular Devices) using a 550-nm excitation wave-
length and a 590-nm emission wavelength. The fluorescence
readouts from the treatments with curcumin of different con-
centrations were compared with the readout from the treat-
ment of control (0 �M curcumin; dimethyl sulfoxide).
Data Analysis—�-Actin was used in the Western blotting

analysis to account for any differences in loading. The levels of
various proteins, e.g. full-length APP, mature and immature
APP, C99, and C83 were normalized to the �-actin values from
the same lane or sample. sAPP� levels were normalized to the
cell lysates protein concentration and then compared with full-
length APP levels from each sample. All results were demon-
strated as means � S.E. from at least three independent exper-
iments. We used the two-tailed Student’s t test, as appropriate,
to reveal the differences between the experimental groups.
The Bonferroni correction analysis was used to correct formul-
tiple comparisons within a single experiment. p values � 0.05
were considered statistically significant.

RESULTS

Curcumin Decreases A� Levels and Attenuates APP Mat-
uration in Mouse Primary Cortical Neurons—We first tested
whether curcumin affects A� levels and/or APP processing
and metabolism in mouse primary neuronal cells. Mouse
primary neurons (E18) were prepared on poly-D-lysine-coated
plates and treated with curcumin (0, 1, 2.5, 7.5, 10, and 20 �M).
Cells were harvested after 24 h of treatment. Conditioned
medium was applied to ELISA analysis to measure the A�40
and A�42 levels, which were normalized to cell number. Cur-
cumin treatment decreased both A�40 and A�42 levels in a
dose-dependent manner (Fig. 1, A and B). For example, 20 �M

curcumin decreased A�40 andA�42 levels by 38.4% (p� 0.01),
and 43.9% (p � 0.05), respectively, compared with the control
treatment (0 �M) (Fig. 1, A and B).

Next, we studied the effects of curcumin onAPPmetabolism
and processing. Cell lysates from the previous experiment were
subjected to quantitative Western blotting analysis with anti-
body, APP8717, targeted at the C terminus of APP.�-Actin was
used to normalize loading variation between gel lanes. We
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assessed the effects of curcumin treatment on levels of total
APP (APPma and APPim), mature and immature APP, as
well as theAPPma:APPim ratio. Curcumin did not significantly
alter the levels of mature APP but increased levels of immature
APP and total APP in comparison to control. For example, 10
�M curcumin treatment increased immature APP levels by
59.7% and increased total APP levels by 41.6% versus control
(p � 0.05; Fig. 1, C and D). In addition, curcumin decreased
the ratio of mature APP to immature APP compared with
control. For example, 10 �M curcumin treatment decreased
the ratio by 23.3% (p � 0.05) (Fig. 1, C and D). Overall, these
data suggest that curcumin decreases A� levels by retarding
APP maturation.
Curcumin Significantly Alters APP Maturation and Process-

ing in Other Cell Types—Next, we asked whether curcumin
impairs APP maturation in other cell types. For this purpose,
we used stably transfected rat neuroblastoma B104-APP751
cells, which were treated with different concentrations of cur-
cumin for 24 h and then collected forWestern blotting analysis
with the antibody APP8717. In addition, the media was probed
with antibody 6E10 to measure sAPP� levels. Curcumin signif-
icantly increased levels of mature APP at doses of 5 and 10 �M

(by 60.0%; p � 0.05, compared with control) but revealed a
trend toward decreased levels at 15 and 20 �M compared with
control (Fig. 2, A and C). The level of immature APP was
increased significantly by curcumin treatment (e.g. increased by
279.1% at 20 �M; p � 0.01). Additionally, curcumin treatment

increased markedly the ratio of APPma/APPim at lower con-
centrations, but significantly decreased the ratio with increas-
ing concentrations (Fig. 2, A and C). Specifically, the doses of 5
and 10 �M curcumin decreased the ratio by 56.3% (p � 0.01)
and 82.1% (p � 0.01), respectively, compared with the control,
whereas 15 and 20 �M curcumin markedly decreased the
APPma/APPim ratio by 55.8% (p � 0.01) and 84.4% (p � 0.01),
respectively, compared with the control. Finally, curcumin
treatment significantly increased total APP levels in compari-
son to control treatment (e.g. increased by 137.7% at 20�M; p�
0.01) (Fig. 2C). In contrast to what was observed in the primary
neurons, lower doses of curcumin, e.g. 5 and 10 �M, increased
APP maturation. However, at higher doses, e.g. 15 and 20 �M,
these data recapitulate the data from the primary neurons
showing that curcumin treatment retards APP maturation in
rat neuroblastoma B104-APP751 cells.
In this same experiment, we also assessed the effects of cur-

cumin on APP processing by measuring levels of the APP pro-
teolytic products, sAPP� and C83, the products of �-secretase
cleavage of APP. We observed a trend toward decreased levels
ofC83 and sAPP� (Fig. 2,A andC–E) with curcumin treatment.
We also observed a significant decrease in the ratio of C83/total
APP as well as in the ratio of sAPP�/total APP, compared with
the control treatment (Fig. 2, D–E), following curcumin treat-
ment. For example, 20�Mcurcumin decreased the ratio ofC83/
APPtotal by 74.3% (p � 0.01) (Fig. 2D) and decreased the ratio
of sAPP�/total APP by 57.1% in comparison to control (p �

FIGURE 1. Curcumin significantly decreases A� levels and the ratio of APPma:APPim in mouse primary cortical neurons in a dose-dependent manner.
A and B, curcumin significantly decreases both A�40 and A�42 levels. Mouse primary cortical neurons (E18) were treated with different concentrations of
curcumin and harvested after 24 h. Conditioned medium was used in ELISA analysis to detect the A�40 and A�42 levels, which were normalized to cell
numbers. C and D, the curcumin treatment altered APP levels and decreased the ratio of APPma:APPim. In the Western blotting analysis, cell lysates were
probed with the APP8717 antibody to reveal APP. �-Actin was used as the loading control. C, a representative gel showing full-length APP and �-actin.
D, densitometry of C (n � 3 for each treatment group). Mean � S.E. *, p � 0.05; **, p � 0.01.
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0.05) (Fig. 2E). Collectively, these data show that curcumin
treatment attenuates �-secretase processing of APP in rat neu-
roblastoma B104-APP751 cells, consistent with attenuation of
APP maturation.
Next, we tested the effects of curcumin on APP metabolism

and processing in human H4 neuroglioma cells stably trans-
fected with APP751 (H4-APP751) and in Chinese hamster
ovary cells stably transfected with APP751 (CHO-APP751). As
observed with the rat neuroblastoma B104-APP751 cells, cur-
cumin treatment led to an increase (trend) and then a decrease

in the level of mature APP with increasing concentrations (p �
0.05) (Fig. 3A) in H4-APP751 cells. Curcumin treatment also
significantly increased levels of immature APP compared with
the control treatment (0 �M) (Fig. 3B). 20 �M curcumin mark-
edly increased immature APP levels by 79.1% (p � 0.01; versus
control) (Fig. 3B). Additionally, curcumin significantly de-
creased the ratio of mature APP to immature APP with in-
creasing doses, compared with control. 20 �M curcumin mark-
edly decreased the ratio of APPma:APPim by 42.2% (p � 0.01;
compared with control). Curcumin treatment significantly

FIGURE 2. Curcumin significantly modulates APP processing in B104-APP751 cells in a dose-dependent manner. Stable rat neuroblastoma B104-APP751
cells were treated with different concentrations of curcumin for 24 h and were collected for Western blotting analysis. Cell lysates were probed with the
APP8717 antibody to reveal APP. �-Actin was used as the loading control. The cell medium was probed with 6E10 to reveal sAPP�. A and B, a representative gel
showing full-length APP, APP-C83, and sAPP�. C, densitometry of A. Curcumin significantly increased the levels of immature APP and total APP. It also markedly
increased and then decreased the level of mature APP, as well as the ratio of APPma:APPim with increasing curcumin concentration. D, curcumin treatment
significantly decreased the ratio of C83/APPtotal. E, curcumin treatment significantly decreased the ratio of sAPP�/APPtotal compared with control (n � 3 for
each treatment group). Mean � S.E.; *, p � 0.05; **, p � 0.01.
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increased levels of total APP (APPma and APPim) with
increased concentration. 20 �M curcumin markedly increased
total APP levels by 44.3% (p � 0.01; compared with control)
(Fig. 3B). Curcumin treatment significantly increased levels of
mature APP and immature APP, as well as total APP compared
with the control in CHO-APP751 cells (Fig. 3, C–D). 20 �M

curcumin elevated the level of immature APP by 65.0% (p �
0.05) and increased the levels of total APP by 59.2% (p � 0.05).
Curcumin treatment also revealed a trend toward decrease in
the ratio of APPma:APPim compared with control (p � 0.05)
(Fig. 3D). We also measured the A� levels from curcumin
treated samples in these three cell models. We found that cur-
cumin significantly decreased both A�40 and A�42 levels in all
cell models (supplemental Fig. 1, A–C). Collectively, these data
recapitulated the effects of curcumin treatment onAPPmetab-
olism and processing in several different cell types.
Curcumin Alters the Turnover of Mature and Immature

APP—In the next step, we assessed the effects of curcumin
on the rate of APP turnover using cycloheximide treatment.
H4-APP751 cells were treated with 20 �M curcumin for 24 h
and then treated with 40 �g/ml cycloheximide for various time
intervals (0, 0.5, 1.5, and 3 h). Cell lysates were collected and
utilized for quantitative Western blotting analysis. Curcumin
markedly decreased the half-life of mature APP from 2.03 to
1.14 h (changing by 43.4%), increased the half-life of imma-
ture APP from 1.86 to 2.36 h (changing by 26.0%), and short-
ened total APP half-life from 1.94 to 1.87 h (Fig. 4, A–D).

Curcumin alsomarkedly decreased the ratio of APPma/APPim
(e.g. decreased by 67.6% at 0.5 h; p � 0.05) (Fig. 4E). Thus,
curcumin increased the stability of immature APP while
decreasing the stability of mature APP, consistent with attenu-
ated APP maturation.
Curcumin Increases the Level of Plasma Membrane APP—

Next, we tested the effects of curcumin on plasma membrane
levels of APP. Stable H4-APP751 and CHO-APP751 cells were
treated with 20 �M curcumin for 24 h and then subjected to
biotinylation analysis to assess the levels of cell surface APP.
Cell lysates were collected and utilized for Western blotting
analysis. Curcumin significantly increased the levels of cell sur-
face APP by 28.1% in H4-APP751 cells (p � 0.05) (Fig. 5, A and
B) and markedly increased the level of cell surface APP by
133.7% in CHO-APP751 cells (p � 0.01) (Fig. 5, C and D), in
comparison with control. We also studied whether curcumin
may alter plasma membrane levels of APLP2, an APP homo-
logue protein. We did not find any differences in the levels of
APLP2 (amyloid precursor-like protein 2) between cells treated
with curcumin versus control samples.3 In combination with
prior observations of attenuated maturation of APP following
treatment with curcumin, these data suggest that curcumin
treatment may also lead to decreased endocytosis of APP, con-
sistent with decreased A� levels.

3 C. Zhang, A. Browne, D. Child, and R. E. Tanzi, unpublished data.

FIGURE 3. Curcumin treatment alters APP metabolism in H4-APP751 cells and CHO-APP751 cells in a dose-dependent manner. Various cell models were
treated with different concentrations of curcumin for 24 h and collected for Western blotting analysis. Cell lysates were probed with the APP8717 antibody to
reveal APP. �-Actin was used as the loading control. A and B, the effects of curcumin treatment on H4-APP751 cells. Curcumin treatment had a trend to increase
the level of mature APP, significantly increased the levels of immature APP and total APP, and markedly decreased the ratio of APPma/APPim. C and D, the
effects of curcumin on CHO-APP751 cells. Curcumin significantly increased the levels of mature APP, immature APP, and total APP and had a trend to decrease
the ratio of APPma:APPim with increasing concentration (n � 3 for each treatment group). Mean � S.E.; *, p � 0.05; **, p � 0.01.
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Curcumin Decreases the Levels of Intermediate APP Induced
by Brefeldin A—Next, we investigated themechanism bywhich
curcumin may increase immature APP levels. Previous reports
have shown that curcumin is a sarcoplasmic/endoplasmic
reticulum calcium-ATPase inhibitor (31). It potentially may
affect the functions of ER lumen chaperones, which are calcium
binding proteins (32). We hypothesized that curcumin may
affect APP metabolism at the level of the endoplasmic reticu-
lum. BFA is an agent that disassembles the Golgi complex and
redistributes proteins into the ER. BFA treatment has been
shown to induce the buildup of an intermediate APP isoform
(33). Thus, if curcumin decreased levels of intermediate APP
induced by BFA, it would strongly suggest that the curcumin
acts before the Golgi complex, likely at the ER.

First, H4-APP751 cells were treated with 5 �g/ml BFA for 5
or 30min and thenharvested and subjected toWestern blotting
analysis. As expected, 5 �g/ml and 10 �g/ml BFA for 30 min
induced the generation of intermediate APP (Fig. 6A). Then,
H4-APP751 cells were treated with 20 �M curcumin� 5 �g/ml
BFA for 0.5 or 3 h. BFAmarkedly induced the generation of the
intermediate APP at both 0.5 and 3 h, compared with control
(Fig. 6,B–C). BFA-induced generation of intermediateAPPwas
attenuated significantly in the presence of curcumin (at both
0.5 and 3 h; Fig. 6, B and C). These data suggest that curcumin
affects APPmetabolism in the secretory pathway at the level of
the endoplasmic reticulum.
Curcumin Does Not Alter APLP2 Levels—To assess whether

the effects of curcumin are specific to APP, we next measured

FIGURE 4. Curcumin treatment alters the turnover rate of both mature and immature APP in H4-APP751 cells. H4-APP751 cells were treated with 20 �M

curcumin for 24 h and then treated with 40 �g/ml cycloheximide for different time (0, 0.5, 1.5, and 3 h). Cell lysates were collected and utilized for Western
blotting analysis. Cell lysates were probed with the APP8717 antibody to reveal APP. �-Actin was used as the loading control. A, a representative gel revealing
the cycloheximide treatment of different time points with or without curcumin treatment. B and C, quantitative Western blot analysis for mature (B) and
immature (C) APP levels. Immature APP levels in curcumin treatment were significantly higher at 0.5, 1.5, and 3 h, compared with the corresponding control
treatment. D, quantitative Western blot analysis for total APP levels. E, the ratio of APPma:APPim was decreased in curcumin treatment compared with control
at cycloheximide treatment of 0, 0.5, 1.5, and 3 h (n � 3 for each treatment group). Mean � S.E. *, p � 0.05; **, p � 0.01.
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the levels of APP homologueAPLP2
following curcumin treatment. Sta-
ble B104-APP751 cells and H4-
APP751 cells were treated with dif-
ferent concentrations of curcumin
for 24 h, and cell lysates were col-
lected and utilized forWestern blot-
ting analysis. APLP2 antibody has
been reported previously(26, 27).
�-Actin was used as the loading
control. Curcumin treatment did
not alter the levels of full length
APLP2 in either B104-APP751 cells
(p � 0.05) (Fig. 7, A and B) or
H4-APP751 cells (p � 0.05) and did
not alter levels of mature versus
immature forms of APLP2 (Fig. 7, C
and D). In addition, we found that
curcumin treatment does not alter
the levels of ADAM10 inmouse pri-
mary cortical neurons (supplemen-
tal Fig. 2). Thus, these data suggest
that the effects of curcumin on APP
levels and maturation are specific.
Curcumin Does Not Decrease Cell

Viability—Finally, we confirmed that
the treatment of curcumin did not
decrease cell viability, which could,
otherwise, alter A� levels via apo-
ptotic pathways (34). H4-APP751

FIGURE 6. Curcumin treatment affects APP metabolism at the endoplasmic reticulum. A, BFA disrupts APP
maturation process at the Golgi complex and induces the generation of the intermediate APP in H4-APP751
cells. H4-APP751 cells were treated with or without 5 and 10 �g/ml BFA for 5 or 30 min. Cell lysates were
collected and prepared for Western blot analysis. B and C, curcumin treatment markedly decreased the level of
intermediate APP in the presence of BFA. H4-APP751 cells were treated with 5 �g/ml BFA in the presence or
absence of 20 �M curcumin for 5 or 30 min (n � 3 for each treatment group). Cell lysates were collected and
prepared for Western blot analysis, as described under “Experimental Procedures.”

FIGURE 5. Curcumin treatment significantly increases cell surface APP levels in both H4-APP751 and CHO-APP751 cells. Cells were treated with 20 �M

curcumin for 24 h and then subjected to biotinylation analysis to assess cell surface APP. Cell lysates were collected and utilized for Western blotting analysis. A and B,
curcumin treatment markedly increased the level of cell surface APP in H4-APP751 cells compared with control treatment. C and D, curcumin treatment significantly
increased the level of cell surface APP in CHO-APP751 cells compared with control (n � 3 for each treatment group). Mean � S.E. *, p � 0.05; **, p � 0.01.
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cells and mouse primary cortical neurons were treated with
varying concentrations of curcumin for 24 h and were then
treated with the alamarBlue for 6 h. Curcumin did not decrease
cell viability in either cell type compared with control (0 �M)
(Fig. 8, A and B). In fact, 2.5 �M curcumin significantly
increased cell viability by 29.3% in H4-APP751 cells compared
with control (0 �M) (p � 0.05; Fig. 8A).

DISCUSSION

Wehave described a possible cellularmechanismunderlying in
vivo observations of decreased A� deposition and plaque burden
inADtransgenicmice followingtreatmentofcurcumin(14,15,18,
19).We have shown that curcumin decreases A� levels by retard-
ing APPmaturation and possibly, impairing endocytosis from the
plasma membrane. Immature APP (or N-APP) is N-glycosylated
in the ER, and a fraction of these molecules exit the ER and

undergoO-glycosylation in the Golgi complex to becomemature
APP (or N,O-APP) (35). Mature APP is then sorted onto the
plasma membrane after which it can undergo endocytosis via
clathrin-coatedpits (36).DisruptionofAPP traffickingandsorting
has been proposed to underlie the pathogenesis ofAD (33, 35, 37).
Our data show that curcumin significantly alters the ratio of
APPma/APPim and markedly decreases the level of intermediate
APP induced by BFA, an agent that disrupts the Golgi complex.
Additionally, curcumin has been shown to be an inhibitor of the
sarcoplasmic/endoplasmic reticulum calcium ATPase pump (31,
32). Collectively, these findings suggest that curcumin may affect
APPmetabolism at the level of the ER. Though the precise under-
lying mechanism requires further elucidation, curcumin may
delay the exit of immature APP from the ER, thereby increasing
the stability of immatureAPP at the ER.Curcumin alsomay affect
theendocytosisofAPPfromthecell surface.Thecumulativeeffect

would be a significant decrease in
both A�40 and A�42 levels.

Curcumin has been reported
to modulate trafficking and matu-
ration of other proteins, MLC1
(megalencephalic leukoencepha-
lopathy with subcortical cysts) (38)
and �F508 cystic fibrosis trans-
membrane conductance regulator
(31).MLC1 encodes a plasmamem-
brane protein, MLC1, which is
responsible for a severe autosomal
recessive clinical disorder, MLC,
characterized by macrocephaly, de-
terioration in motor functions, cer-
ebellar ataxia, and mental decline.
Levels ofMLC1 have been shown to
be significantly decreased in cells
expressing the mutant form of the
gene.
Curcumin has been shown to tar-

get dozens of proteins (39), and it
may act on different biological path-
ways with distinct mechanisms at
different dosages. It has been shown

FIGURE 7. Curcumin treatment does not alter APLP2 protein levels. B104-APP751 and H4-APP751 cells were
treated with different concentrations of curcumin for 24 h, and cell lysates were collected and utilized for
Western blot analysis. Cell lysates were probed with the APLP2 antibody to reveal APLP2. �-Actin was used as
the loading control. A and B, the effects of curcumin treatment on APLP2 in B104-APP751 cells. Curcumin
treatment did not alter full-length APLP2 levels and did not alter levels of mature versus immature forms of
APLP2. C and D, the effects of curcumin treatment on APLP2 in H4-APP751 cells. Curcumin treatment did not
alter full-length APLP2 levels (n � 3 for each treatment group). Mean � S.E. p � 0.05.

FIGURE 8. Curcumin treatment does not decrease cell viability. A and B, H4-APP751 cells (A) or mouse primary cortical neurons (B) were treated with different
concentrations of curcumin for 24 h and then subjected to alamarBlue analysis as described under “Experimental Procedures.” Curcumin treatment did not
decrease cell viability in either cell type, compared with control (0 �M). The dose of 2.5 �M curcumin significantly increased cell viability by 29.3% in H4-APP751
cells compared with control (A) (p � 0.05) (n � 3 in each treatment group). Mean � S.E. *, p � 0.05.
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that curcumin has a dose-dependent effect on A� levels and
inflammatory reactions in vivo (14, 15). Treatment with curcu-
min in vivo for 5–6 months potently attenuated proteins oxi-
dization and interleukin-1� generation in the brain (15, 16) and
reduced A� levels and plaque burden (14, 15). Here, we treated
mouse primary cortical neurons with different concentrations
of curcumin (1–20 �M) for 24 h and found that both A�40 and
A�42 levels significantly decreased compared with control.

Collectively, our data suggest that the cellular mechanism by
which curcumin decreases A� levels is via the modulation of
APP levels in the secretory and, possibly, endocytic pathways.
Curcumin treatment significantly increased the retention of
immature APP in the ER and simultaneously attenuated APP
endocytosis from the plasmamembrane. Collectively, our data,
together with the previously published in vivo data, suggest that
curcumin and its derivatives may prove useful in the search for
small molecule pharmacological agents for the effective treat-
ment and prevention of AD-related �-amyloid pathology.

REFERENCES
1. Cummings, J. L. (2004) N. Engl. J. Med. 351, 56–67
2. Bertram, L., and Tanzi, R. E. (2008) Nat. Rev. Neurosci. 9, 768–778
3. Tanzi, R. E., and Bertram, L. (2005) Cell 120, 545–555
4. Tanzi, R. E., Gusella, J. F., Watkins, P. C., Bruns, G. A., St George-Hyslop,

P., Van Keuren, M. L., Patterson, D., Pagan, S., Kurnit, D. M., and Neve,
R. L. (1987) Science 235, 880–884

5. Selkoe, D. J. (2002) Science 298, 789–791
6. Hardy, J., and Selkoe, D. J. (2002) Science 297, 353–356
7. Gandy, S. (2005) J. Clin. Invest. 115, 1121–1129
8. Zhang, C., and Saunders, A. J. (2007) Discov. Med. 7, 113–117
9. Selkoe, D. J. (2001) Physiol. Rev. 81, 741–766
10. Calabrese, V., Scapagnini, G., Colombrita, C., Ravagna, A., Pennisi, G.,

Giuffrida Stella, A. M., Galli, F., and Butterfield, D. A. (2003) Amino Acids
25, 437–444

11. Begum, A. N., Jones, M. R., Lim, G. P., Morihara, T., Kim, P., Heath, D. D.,
Rock, C. L., Pruitt, M. A., Yang, F., Hudspeth, B., Hu, S., Faull, K. F., Teter,
B., Cole, G. M., and Frautschy, S. A. (2008) J. Pharmacol. Exp. Ther. 326,
196–208

12. Shimmyo, Y., Kihara, T., Akaike, A., Niidome, T., and Sugimoto, H. (2008)
Neuroreport 19, 1329–1333

13. Kelloff, G. J., Boone, C. W., Crowell, J. A., Nayfield, S. G., Hawk, E. T.,
Steele, V. E., Lubet, R. A., and Sigman, C. C. (1997) Prog. Clin. Biol. Res.
396, 159–183

14. Yang, F., Lim, G. P., Begum, A. N., Ubeda, O. J., Simmons, M. R., Ambe-
gaokar, S. S., Chen, P. P., Kayed, R., Glabe, C. G., Frautschy, S. A., andCole,
G. M. (2005) J. Biol. Chem. 280, 5892–5901

15. Lim, G. P., Chu, T., Yang, F., Beech, W., Frautschy, S. A., and Cole, G. M.
(2001) J. Neurosci. 21, 8370–8377

16. Ganguli, M., Chandra, V., Kamboh, M. I., Johnston, J. M., Dodge, H. H.,
Thelma, B. K., Juyal, R. C., Pandav, R., Belle, S. H., and DeKosky, S. T.
(2000) Arch. Neurol. 57, 824–830

17. Hong, H. S., Rana, S., Barrigan, L., Shi, A., Zhang, Y., Zhou, F., Jin, L. W.,

and Hua, D. H. (2009) J. Neurochem. 108, 1097–1108
18. Wang, Y. J., Thomas, P., Zhong, J. H., Bi, F. F., Kosaraju, S., Pollard, A.,

Fenech, M., and Zhou, X. F. (2009) Neurotox. Res. 15, 3–14
19. Garcia-Alloza, M., Borrelli, L. A., Rozkalne, A., Hyman, B. T., and Bacskai,

B. J. (2007) J. Neurochem. 102, 1095–1104
20. Ma, Q. L., Yang, F., Rosario, E. R., Ubeda, O. J., Beech, W., Gant, D. J.,

Chen, P. P., Hudspeth, B., Chen, C., Zhao, Y., Vinters, H. V., Frautschy,
S. A., and Cole, G. M. (2009) J. Neurosci. 29, 9078–9089

21. Thomas, P., Wang, Y. J., Zhong, J. H., Kosaraju, S., O’Callaghan, N. J.,
Zhou, X. F., and Fenech, M. (2009)Mutat. Res. 661, 25–34

22. Xie, Z., Dong, Y., Maeda, U., Xia,W., and Tanzi, R. E. (2007) J. Biol. Chem.
282, 4318–4325

23. Xie, Z., Romano, D. M., and Tanzi, R. E. (2005) J. Biol. Chem. 280,
15413–15421
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ner-Pagel, J., Canny, S., Du, K., Lukacs, G. L., and Caplan, M. J. (2004)
Science 304, 600–602
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